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The  goal  of  this  study  was  to  investigate  the  function  of  the  ventral  striatum  and  brain  regions  involved
in  anxiety  and  learning  during  aversive  contextual  conditioning.  Functional  magnetic  resonance  imag-
ing  was  used  to  assess  the  hemodynamic  brain  response  of 118 healthy  volunteers  during  a  differential
fear  conditioning  paradigm.  Concurrently  obtained  skin  conductance  responses  and  self-reports  indi-
cated successful  context  conditioning.  Increased  hemodynamic  responses  in  the  ventral  striatum  duringear learning
mygdala
ippocampus
refrontal cortex
MRI
presentation  of  the  conditioned  visual  stimulus  that  predicted  the  aversive  event  (CS+)  compared  to a
second stimulus  never  paired  with  the  aversive  event  (CS−) were  observed  in  the  late  acquisition  phase.
Additionally,  we  found  signiﬁcant  brain  responses  in  the  amygdala,  hippocampus,  insula  and  medial
prefrontal  cortex.  Our  data  suggest  the  involvement  of  the  ventral  striatum  during  contextual  fear  con-
ditioning,  and  underline  its role  in  the  processing  of  salient  stimuli  in  general,  not only  during  reward
processing.
. Introduction
Pavlovian fear conditioning, as a prominent model of anxi-
ty disorders, has been studied extensively in the last decades in
odents as well as humans. During the acquisition phase of such
aradigms an initially neutral stimulus (conditioned stimulus, CS)
ecomes associated with an unconditioned stimulus (US) after sev-
ral pairings, subsequently, elicits fear responses on its own. In a
ecent review on human fear conditioning, Sehlmeyer et al. (2009)
dentiﬁed the amygdala, insula and regions of the medial prefrontal
ortex (mPFC) such as the anterior cingulate cortex (ACC) as the key
egions involved in fear learning. According to this meta-analysis,
lood oxygen level-dependent (BOLD) responses in the ventral
triatum, which has been related to the anticipation of reward (see
ise, 2004 for a review), were found in only about one quarter
f the evaluated studies. However, in a reanalysis of three ear-
ier studies Klucken et al. (2009) connected the ventral striatum
o the learning of CS–US contingencies. Only uninformed partici-
ants who showed successful contingency learning also displayed
ctivation in the ventral striatum, in contrast to those who were
nformed prior to the experiment or did not learn the contingencies.
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Furthermore, cumulative evidence of several recent studies sug-
gests a more general function of the ventral striatum in the
prediction of salient cues, independent of their valence, i.e. during
the anticipation of both appetitive and aversive stimuli (Delgado
et al., 2008; Jensen et al., 2003, 2007; Li et al., 2011; Ravel et al.,
1999; Yacubian et al., 2006). Seymour et al. (2007) showed a relative
selectivity of the more anterior regions to reward and the posterior
striatum to aversive outcomes. Additionally, animal research indi-
cates that large proportions of dopaminergic neurons are activated
by salient stimuli and not just reward (for a review see Schultz,
2010).
The majority of this research focused on cue conditioning. In
situations where the US is presented in the absence of a cue,
the context becomes associated with the US (Phillips and LeDoux,
1994). Whereas conditioned cues will evoke phasic fear responses,
contexts will lead to sustained anxiety responses (Marks, 1987).
Therefore, contextual fear conditioning constitutes another impor-
tant model for the study of anxiety disorders (Bouton et al., 2001),
for example posttraumatic stress disorder (Grillon and Morgan,
1999, 1998). During contextual fear conditioning, hippocampal
activations have been unanimously reported (Alvarez et al., 2008;
Hasler et al., 2007; Lang et al., 2009; Marschner et al., 2008). In
contrast, the role of the ventral striatum in contextual fear condi-
tioning remains unclear, since only one imaging study found striatal
Open access under CC BY-NC-ND license.activations, but reported uncorrected results (Hasler et al., 2007).
Furthermore, previous contextual fear conditioning studies were
conducted with males only (Marschner et al., 2008) or included
small samples (Alvarez et al., 2008; Hasler et al., 2007; Lang et al.,
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statistical inference) the volumes were smoothed with an 8 mm × 8 mm × 10 mm
Gaussian kernel. For statistical analyses the fMRI time series were high-pass ﬁltered
(temporal cut off: 128 s) and corrected for serial autocorrelations using ﬁrst-orderS.T. Pohlack et al. / Biolog
009; Marschner et al., 2008), which might make the identiﬁcation
f striatal activation more difﬁcult.
To investigate the involvement of the ventral striatum and
ther anxiety-related brain areas during contextual aversive con-
itioning we used functional magnetic resonance imaging (fMRI)
n a large sample of healthy volunteers. The employed paradigm
omprised unpredictable US and temporally changing contextual
timuli (Bouton, 2004; Grillon et al., 2006). Speciﬁcally, we hypoth-
sized stronger activation of the ventral striatum and anxiety- and
ear-related brain areas such as the amygdala, the hippocampus,
he insula and the medial prefrontal cortex to CS+ as compared
o CS− during the acquisition of contextual fear. Further, given
he unpredictable US and our reinforcement ratio of only 50%, we
xpected stronger brain activations in the late compared to early
cquisition.
Additionally, we investigated the association, speciﬁcally the
rediction, of verbal self-reports and striatal brain responses. Based
n the work outlined above, we expected that striatal activity
ould correlate with contingency (Klucken et al., 2009) and arousal
atings, but not with valence (Jensen et al., 2003, 2007). Several
tudies found a link between skin conductance responses, contin-
ency awareness and activation in the hippocampus (Hamm and
eike, 2005; Soeter and Kindt, 2010; Weike et al., 2007). Hence,
e hypothesized that hippocampal brain responses might be cor-
elated with ratings of contingency, which in turn should be linked
o skin conductance responses. For the amygdala, we expected a
ositive correlation between activation and SCRs during fear condi-
ioning based on earlier ﬁndings (Indovina et al., 2011). Further, we
xplored potential associations between SCRs, verbal self-reports
nd brain activity in the insula and mPFC.
. Materials and methods
.1. Participants
One-hundred-and-thirty-one healthy persons (46 females) participated in the
tudy. They were recruited in the context of a longitudinal study on predictors of
osttraumatic stress disorder (PTSD) and included persons from training schools for
escue workers who  have a heightened risk to develop PTSD (Clohessy and Ehlers,
999),  but were not traumatized at the time of the study. Persons with a current
xis I/II mental disorder, including substance dependence or abuse, as determined
y the German version of the Structured Clinical Interview for the Diagnostic and
tatistical Manual of Mental Disorders-IV (SCID I/II; Wittchen et al., 1997), were
xcluded from the study. Thirteen participants had to be excluded due to technical
roblems or movement artifacts during the measurement, resulting in 118 persons
40 females) of whom 11 where left-handed.
Written informed consent was obtained prior to the study, which was approved
y  the Ethics Committee of the Medical Faculty Mannheim of the University of Hei-
elberg. The study conformed to the Code of Ethics of the World Medical Association
Declaration of Helsinki, 6th revision, 2008).
.2. Experimental procedure
.2.1. Unconditioned threat stimulus
The US was  an electrical stimulus applied at the right thumb by a cupric (copper)
lectrode, delivered by an electrical stimulus generator (Digitimer, DS7A, Welwyn
arden City, UK). Each participant received three series of increasingly painful
timuli (50 ms  bursts, 12 Hz), starting with a mild stimulus until the participant
ndicated it as ‘painful’ (pain threshold) and then further until the pain became
nbearable (pain tolerance). This procedure was repeated three times and the values
f the last two trials were averaged. Beginning with a stimulus intensity at 80% above
ain  threshold several painful stimuli were given and participants rated the inten-
ity and unpleasantness of the pain (0 = not painful or unpleasant to 10 = extremely
ainful or extremely unpleasant). The stimulus intensity rated as closest to 7 on
oth scales was  employed.
.2.2. Contextual fear conditioning
The procedure was  identical to the one used by Lang et al. (2009), where
unctional imaging data on a smaller subsample (N = 21, overlap: N = 11) of the lon-
itudinal study were reported. Brieﬂy, the conditioning protocol consisted of initial
abituation, early and late acquisition and extinction. In accordance with several
revious studies (Vansteenwegen et al., 2005), two  colors (orange and blue) were
sed to represent two different spatial contexts (CS+/−). Additionally, the colors
ere slowly blended in and, after having reached their full spectrum for severalychology 91 (2012) 74– 80 75
seconds, passed into the next color to reinforce the feeling of context. The colors
designated as CS+ were counterbalanced across participants and the sequence of
CS+/−  was pseudo-randomized. Stimuli were projected into the magnetic resonance
tomograph via a mirror system, thus realizing a surround color, i.e. an actual context.
During habituation the CSs were presented 10 times for 3–12 s in random order.
The US was  delivered 10 times during the interstimulus interval (4–12 s) and lasted
2.9 s. During acquisition colors were blended in until they reached their full spec-
trum after 3–4 s. After additional 3–12 s the colors were blended off and passed into
the next color. The colors had a slow onset to reinforce the feeling of context, and
the color gradients were presented to produce a more complex processing of the
stimuli.2 CS+ was paired with the US (electric shock) in 50% of the trials; CS− was
never paired with the shock. US onset was randomized over the time course of the
CS+  to maximize unpredictability, which constitutes an integral characteristic of
context conditioning (Bouton, 1994; Grillon et al., 2006; Grillon and Davis, 1997).
The onset of the US varied between 3 and 10 s after the CS+ reached full spectrum.
For  acquisition there were 20 CS+ (10 CS+paired, 10 CS+unpaired) and 20 CS− trials
equally divided across early (10 CS+, 10 CS−) and late (10 CS+, 10 CS−) acquisition.
In the extinction phase the two colors (10 CS+unpaired, 10 CS−)  were presented for
3–12 s each. Participants were uninformed about the CS–US contingency and were
told to passively view the stimuli.
2.3. Data acquisition and analysis
2.3.1. Skin conductance response (SCR) and self-report data
To  control for successful conditioning, we sampled SCRs during scanning in a
substantial subsample of our participants (N = 63). The SCRs were recorded from
two electrodes placed on the thenar and hypothenar eminence of the partici-
pants’ right hand using a sampling rate of 16 Hz and a VarioPort recording system
(BECKER MEDITEC, Karlsruhe, Germany). Data analysis was performed using EDA-
PARA software (F. Schäfer, Wuppertal, Germany) and followed the guidelines of
Fowles et al. (1981).  Trials were visually inspected for artifacts. SCR amplitudes
were quantiﬁed as the maximum response in the time window of 1–4 s (First Inter-
val  Response, FIR) and 5–9 s (Second Interval Response, SIR; Prokasy and Ebel, 1967)
after stimulus onset and were measured in microSiemens (S). SCR amplitudes
below 0.05 S were classiﬁed as zero responses. SCR data were normalized using
a  logarithmic [ln(1 + SCR)] transformation. Extreme cases were excluded from the
analyses (cut-off 2SDs; 3.3% of the CS+/− trials). All CS+/− trials of one phase were
averaged.
After each conditioning phase, participants verbally rated the emotional valence
and  arousal of the CSs (1 = very calm to 9 = very arousing, 1 = very pleasant to
9  = very unpleasant) as well as the CS–US contingency (1 = no CS–US contingency
to  9 = perfect CS–US contingency) while the relevant stimulus was presented in the
scanner. Due to technical reasons data from 7 participants could not be recorded
(N = 111). All auditory or visual instructions for the experimental procedure were
standardized. Communication was realized via headphones with attached micro-
phones.
SCRs and self-report data were analyzed separately. To control for differences in
the  reaction to CS+unpaired/CS−, Bonferroni-corrected paired t-tests were conducted
for each conditioning phase. For all tests a hypothesis-based one-sided alpha level
of  0.05 was  employed. For all statistical analyses we used the Predictive Analytic
Software (PASW, SPSS Inc., Chicago, IL) for windows, version 18.0.1.
2.3.2. Image acquisition and data analyses
Whole-brain fMRI images were acquired using an 1.5 T Magnetom VISION
whole body MR-scanner (Siemens Medical Solutions, Erlangen, Germany) equipped
with a standard head volume coil. A gradient echo planar imaging (EPI) sequence
(protocol parameters: TR = 3770 ms; TE = 45 ms;  matrix size = 64 × 64; ﬁeld of
view = 220 mm × 220 mm;  ﬂip angle = 90◦) was used to record 380 functional vol-
umes: 130 for the habituation, 80 for each acquisition, and 90 for the extinction
phase. The ﬁrst 3 volumes were discarded to account for T1-saturation effects. Each
volume consisted of 35 axial slices (slice thickness = 3 mm;  gap = 1 mm)  measured
in  ascending slice order and positioned along a line anterior–posterior commissure
(AC–PC orientation).
Volume preprocessing, single subject and group analyses were performed using
SPM8 (http://www.ﬁl.ion.ucl.ac.uk/spm) implemented in MATLAB R2010a (The
MathWorks Inc., Sherborn, MA,  USA). Functional volumes were slice time corrected
to  reference slice 18 and realigned to the ﬁrst volume by minimizing the mean
square error (rigid body transformation). Subjects with motion estimates exceed-
ing 3.0 mm and 2◦ were excluded from the analyses. Images were normalized
to  the standard space of the Montreal Neurological Institute (MNI) using the EPI
template provided by SPM8. The voxel size was kept according to the one mea-
sured (3.4 mm ×3.4 mm × 4.0 mm). To reduce spatial noise (and allow for correctedautoregressive functions AR(1).
2 We thank Mark E. Bouton for helpful advice on the paradigm.
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Fig. 2. Signiﬁcant brain responses during the late acquisition phase for the contrast
CS+unpaired > CS− (family-wise error corrected (FWE) after small volume correction
(SVC) according to SPM8). (A) Activation in the ventral striatum bilaterally, (B) bilat-
eral  activation in the amygdala, (C) activation in the right hippocampus, and (D)ig. 1. Second interval response (SIR) of the skin conductance responses during early
nd late acquisition and extinction. ACQ1, early acquisition; ACQ2, late acquisition;
XT, extinction; *Signiﬁcant within group t-tests with p < 0.005.
For each phase a ﬁxed effects analysis was  performed independently by setting
p a general linear model (GLM) including the following experimental conditions:
S+, CS− and US for the habituation phase; CS+unpaired, CS+paired and CS− for the
cquisition phases and CS+ and CS− for the extinction phase. These inputs were
onvolved with a canonical hemodynamic response function (ﬁrst order expansion)
o  create the design matrix. The six parameters describing the rigid body trans-
ormation were implemented as confound variables in the statistical analyses to
ovary out signal that is correlated with head motion. In random effects group anal-
ses  individual contrasts were analyzed using voxelwise one-sample t-tests for the
S+unpaired > CS− contrast. Results were considered signiﬁcant at p < 0.05, corrected
or  multiple comparisons using a family-wise error rate approach as implemented
n  SPM8.
According to our a priori hypotheses, the ventral striatum, the amygdala, the
edial prefrontal cortex (mPFC) and the insula as well as the hippocampus were
nalyzed using a region of interest (ROI) approach. ROI masks for the amygdala,
nsula and hippocampus were extracted from the current “Harvard-Oxford corti-
al  and subcortical structural atlases” (http://www.cma.mgh.harvard.edu/) with a
robability threshold of 0.5 and 2 mm smoothing. The masks for mPFC and ventral
triatum were retrieved from the BrainMap database (Nielsen and Hansen, 2002)
gain applying a threshold of 0.5. To test the regional speciﬁcity of our results and in
rder to establish that the observed results were not only related to global acti-
ations we  additionally investigated brain activations in two  neighboring brain
egions of comparable size. Some of the earlier imaging studies in humans impli-
ated the parahippocampus and thalamus in context conditioning (Hasler et al.,
007; Alvarez et al., 2008; Lang et al., 2009). ROI masks for these two structures were
xtracted from the “Harvard-Oxford cortical and subcortical structural atlases”,
gain with a probability threshold of 0.5 and 2 mm smoothing. To investigate poten-
ial gender effects during conditioning (Milad et al., 2006), we conducted t-tests
or  each phase of conditioning for the whole-brain level as well as for each of our
OIs.
Further, correlation analyses were carried out to elucidate the interaction
f brain responses in all investigated ROIs with the verbal self-reports (espe-
ially the contingency ratings) as well as the SCRs. Therefore, weighted mean
esponses in the ROIs were extracted for the CS+unpaired > CS− contrast using
EX  (http://www.nitrc.org/projects/rex/), a stand-alone MATLAB-based toolkit for
xploration of ROI responses. Those values were then correlated with the differ-
ntial self-reports and SCRs to CS+unpaired > CS− (for correlation analyses with the
eighted mean responses in the ROIs for CS+unpaired and CS− separately, please
ee  supplementary information). Since several participants who  showed differential
CRs  during early acquisition failed to differentiate during the late acquisition phase
 most probably due to habituation effects – in a next step we  additionally analyzed
he  above mentioned correlations with those participants only who  successfully dif-
erentiated CS+ and CS− in their SCRs. For all tests a two-sided Bonferroni-corrected
lpha level of 0.05 was  employed. For the correlation between amygdala and SCRs
e  had a directed (positive) hypothesis and therefore employed a one-sided alpha-
evel.
. Results
.1. Skin conductance responses (SCRs) and self-reportDuring habituation no signiﬁcant differences between CS+ and
S− were detectable for the FIRs and SIRs of the SCR, or self-report
ata, indicating no baseline differences in any of these measures.activation in the right medial prefrontal gyrus (mPFC). Note that colors indicate t-
scores. (For interpretation of the references to color in the ﬁgure caption, the reader
is  referred to the web version of the article.)
For early acquisition, the FIR and SIR revealed no signiﬁcant CS+/−
differentiation. In contrast, all self-report measures showed signif-
icantly higher ratings to CS+ compared to CS− (arousal: t111 = 8.29;
p < 0.001; valence: t111 = 7.36; p < 0.001; contingency: t111 = 20.05;
p < 0.001), indicating successful early conditioning. During late
acquisition no signiﬁcant differentiation of CS+/− was detectable in
the FIRs. Analysis of the SIRs showed signiﬁcantly higher reactions
to CS+ compared to CS− (t62 = 3.32; p < 0.005), indicating successful
late conditioning (see Fig. 1). Self-reports conﬁrmed this for arousal
(t111 = 7.54; p < 0.001), valence (t111 = 7.25; p < 0.001) and contin-
gency ratings (t111 = 25.51; p < 0.001). During extinction, analysis of
the FIR and SIR revealed no signiﬁcant differences between CS+ and
CS−. For the self-report measures signiﬁcant CS+/− differentiation
was observed (arousal: t111 = 6.72; p < 0.001; valence: t111 = 4.48;
p < 0.001; contingency: t111 = 7.42; p < 0.001).
3.2. fMRI data
During habituation, no differential activations for the contrast
CS+ > CS− were detectable, again suggesting no signiﬁcant differ-
ences in baseline brain responses.
While no signiﬁcant activation during early acquisition was
detectable using whole brain or ROI-based approaches, several
brain regions showed signiﬁcant BOLD activation for the CS+ > CS−
contrast during the late acquisition phase. For whole brain analy-
sis activity in the left cerebellum, right inferior parietal cortex, left
medial occipital cortex, as well as right inferior and middle frontal
gyrus reached the statistical threshold for signiﬁcance. ROI analyses
revealed signiﬁcant brain responses in the left amygdala, right hip-
pocampus, right mPFC and bilaterally in the ventral striatum (see
Fig. 2). Additionally, activity in the right amygdala and right insula
reached a trend towards signiﬁcance (see Table 1). Separate whole
brain analysis for CS+ and CS− revealed signiﬁcant activations
in the occipital, temporal and frontal lobe, while the ROI-based
approach showed signiﬁcant activations only to CS+ in the left
amygdala, medial prefrontal cortex and right striatum. Those
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Table  1
Signiﬁcant activations for the contrast CS+unpaired > CS−.
Phase Brain structure Side MNI coordinates Tmax pFWE Cluster (voxel)
x y z
Early acquisition – – – – – – – –
Late  acquisition Cerebellum Left −41 −61 −38 6.90 <0.001 35
Inferior parietal cortex Right 51 −51 42 5.97 <0.001 53
Medial occipital cortex Left −3 −78 6 5.93 0.001 33
Inferior frontal gyrus Right 44 48 −10 5.90 0.001 25
Inferior frontal gyrus/triangular part Right 58 21 2 5.65 0.002 20
Inferior frontal gyrus/opercular part Right 48 17 30 5.64 0.002 46
Middle frontal gyrus Right 38 55 14 5.64 0.002 18
Amygdalaa Left −30 −3 −18 3.57 0.012 29
Right 24 −7  −22 3.00 0.062b 27
Hippocampusa Right 24 −10 −22 3.42 0.038 15
Insulaa Right 34 21 −6 3.21 0.076b 19
Medial prefrontal cortexa Right 4 24 42 4.33 0.004 106
Ventral striatuma Right 21 7 −6 4.17 0.006 46
Left  −20 4 −6 3.33 0.038 27
Extinction Insulaa Left −41 4 −10 3.19 0.083b 53
Signiﬁcance level and size of the respective activation cluster (number of voxels) are reported at p < 0.05 (FWE-correction according to SPM8).
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pa Signiﬁcance level for the region of interest (ROI) analyses at p < 0.05 (small volu
b Signiﬁcant on a trend level only.
ndings support the results described above, i.e. anxiety related
reas selectively respond to aversive but not to stimuli signaling
afety (for coordinates and statistics see Table S1 in the supple-
ent of the online version of this journal). For extinction, we  did
ot observe signiﬁcant differential activation in the whole brain or
n the ROI-based analyses.
Additionally, we observed no signiﬁcant activations in any of
he two control brain regions (thalamus and parahippocampus) for
ither of the conditioning phases, suggesting regional speciﬁcity of
ur results. For the comparison of female and male participants we
ound no signiﬁcant differences on the whole-brain level and in our
OIs for any of the conditioning phases.
.3. Correlation analyses (CS+unpaired > CS−)
Verbal self-reports, i.e. ratings of arousal, emotional valence and
ontingency did not signiﬁcantly correlate with differential brain
ctivation in our ROIs during early and late acquisition or extinc-
ion. We  also detected no signiﬁcant correlation of differential
erbal self-reports and the SCRs. However, we found a signiﬁ-
ant correlation between SCRs and hippocampal activity during
ate (left hippocampus: r = 0.27, p < .05; right hippocampus: r = 0.26,
 < .05), but not during early acquisition or extinction or with other
OIs.
Removal of all those participants who failed to show differential
esponding to CS+ and CS− in their SCRs during the late (but not
arly) acquisition phase enhanced our results for the correlation
etween SCRs and hippocampal activity (left hippocampus: N = 32,
 = 0.39, p < .05; right hippocampus: r = 0.36, p < .05). Further, a sig-
iﬁcant correlation between activity in the right amygdala and SCRs
uring late acquisition could be observed (N = 32; r = 0.33; p < 0.05).
e  found no signiﬁcant correlation between amygdala activity
nd SCRs in other conditioning phases or with verbal self-reports.
dditionally, we were unable to ﬁnd any signiﬁcant correlations
etween the striatal, insular or medial prefrontal brain responses
ith SCRs or verbal self-reports (see Fig. 3; see supplementary
nformation for the separate analyses of CS+ and CS−).. Discussion
In the present study we used a contextual fear conditioning
aradigm to examine the role of the ventral striatum as well as therrection according to SPM8).
amygdala, hippocampus, insula and medial prefrontal cortex dur-
ing aversive learning. We showed robust differential learning, i.e.
stronger SIRs of the SCRs during presentation of the CS+ as com-
pared to the CS− in the late acquisition phase in a large sample
of healthy volunteers. Self-report measures of emotional arousal
and valence showed CS+/− differentiation already at the end of the
early acquisition phase. Furthermore, analyses of the contingency
ratings indicated that all participants successfully learned to differ-
entiate between CS+ and CS−.  In line with the SIRs of the SCRs, we
observed differential brain activations to CS+/− during late but not
early acquisition. Whole-brain analyses of the fMRI data revealed
robust activations in the cerebellum, parietal, occipital and frontal
cortex in the CS+ > CS− contrast. Additionally, using a ROI-based
approach we  found a signiﬁcantly increased BOLD signal in the
ventral striatum bilaterally as well as in the left amygdala, right
hippocampus and in the right mPFC in the same contrast.
Hence, the present result of activations in the ventral striatum
during aversive learning in a contextual fear conditioning paradigm
support the hypothesized role for this structure not only during
reward (Wise, 2004), but during the anticipation of salient stimuli
in general (Delgado et al., 2008). Recent contextual fear condi-
tioning studies had most probably not the power to detect such
activations as their sample sizes were small in comparison. During
cued fear conditioning, Klucken et al. (2009) found activation in
the ventral striatum only in those participants who successfully
learned the CS–US association. They concluded that the ventral
striatum is involved in the building of this association, which is
contrasting a popular model, where the amygdala is assumed to
serve such a task (Maren, 2001). Interestingly, the amygdala was
not investigated directly in the study by Klucken et al. (2009).  In
the present study, we observed activations in both structures dur-
ing the anticipation of aversive stimuli and the contingency ratings
indicated successful aversive learning. Given the close connectiv-
ity between amygdala and striatum (Fudge et al., 2002), one might
conclude a contribution of the ventral striatum to the formation of
CS–US associations in the amygdala.
The second focus of this study was the investigation of the
human fear network during aversive contextual conditioning.
While the amygdala, medial prefrontal regions such as the ACC
and the insula have been associated with cued fear condition-
ing (Sehlmeyer et al., 2009), context conditioning research yielded
conﬂicting results. On the one hand, a double dissociation of
78 S.T. Pohlack et al. / Biological Psychology 91 (2012) 74– 80
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(ig. 3. Correlations of the ﬁrst interval responses (FIR) of the skin conductance respo
mygdala and hippocampus has been reported by research apply-
ng a combined design, where the amygdala was activated during
ued and the hippocampus during contextual fear conditioning
Hasler et al., 2007; Marschner et al., 2008). On the other hand,
he two studies focusing exclusively on context conditioning found
igniﬁcant brain responses in the amygdala as well as the hip-
ocampus (Alvarez et al., 2008; Lang et al., 2009). Our results
upport the latter view, which is also in line with animal research
Fanselow, 2000; Maren et al., 1997; Phillips and LeDoux, 1992)
nd theoretical accounts on context conditioning (Maren, 2001).
ccording to Maren (2001) the hippocampus serves as binding
nit, where different aspects of one context are integrated and
his representation is transmitted to the basolateral complex of
he amygdala, where the CS-US association is formed. As further
art of the fear network, the insula transfers cortical representa-
ions of fear to the amygdala (Phelps et al., 2003). In line with this
ssumption, activations of the insular cortex have been consistently
eported in studies on aversive context conditioning (Alvarez et al.,
008; Hasler et al., 2007; Lang et al., 2009; Marschner et al., 2008).
he current data indicated the contribution of the insular cortex
n the late acquisition phase, although on a trend level only. The
ole of the mPFC including the ACC in conditioning processes is less
lear. While it has been shown to be involved in the encoding of
ontextual memories (Lavenex and Amaral, 2000) and especially
n extinction processes (Gottfried and Dolan, 2004; Phelps et al.,
004; Quirk et al., 2006; Quirk and Mueller, 2008), some studies
ave found no effect of mPFC lesions on extinction (Gewirtz et al.,
997) or extinction memory (Garcia et al., 2006). During acquisition
f human context conditioning, two studies reported signiﬁcant
ctivations in the ACC (Alvarez et al., 2008; Marschner et al., 2008),
ne in a conjunction analysis only (Lang et al., 2009), while another
ne found no differential brain response in this structure (Hasler
t al., 2007). Our results of mPFC activation during late acquisition
upport the hypothesized role of this structure during contextual
earning (Lavenex and Amaral, 2000).
Further support for the hypothesized role of the PFC during
versive conditioning is given by our ﬁnding of signiﬁcant brain
esponses on a whole-brain level during the late acquisition phase.
e found peaks of activation in the orbitofrontal, ventrolateral pre-
rontal as well as dorsolateral prefrontal cortex, all of which were
ound to be connected to limbic regions (Goldman-Rakic et al.,
984; Thierry et al., 2000) and the ventral striatum (Ferry et al.,
000; Yeterian and Van Hoesen, 1978) and have been implicated
n learning (Simons and Spiers, 2003) and emotional processing
Murty et al., 2010). Furthermore, we found activations in theith the weighted mean response in (A) left hippocampus and (B) right hippocampus.
parietal and occipital cortex as well as in the cerebellum. While
activations of parietal and cerebellar areas are in line with previous
context studies (Alvarez et al., 2008; Hasler et al., 2007; Lang et al.,
2009; Marschner et al., 2008), occipital activation is not. Interest-
ingly, Tabbert et al. (2005) reported brain responses in the occipital
cortex during the late acquisition of cue conditioning as well, poten-
tially reﬂecting top-down regulated attentional processes.
The third focus of this study was the relation of activations
in our ROIs to verbal self-reports such as contingency ratings
and SCRs. Here we  observed signiﬁcant correlations between hip-
pocampal as well as amygdalar responses and SCRs to CS+ > CS−
in the late acquisition phase for the CS+ > CS− contrast. Further
analyses revealed signiﬁcant correlations between hippocampal
brain responses and contingency ratings during late acquisition for
CS− (see supplementary information). For extinction, we observed
a signiﬁcant correlation between ventral striatal brain responses
and SCRs but not verbal self-reports such as contingency learn-
ing (see supplementary information). These results do not support
the assumption that ventral striatal activity is connected to con-
tingency learning (Klucken et al., 2009), although we cannot rule
out the possibility that online ratings would have yielded a differ-
ential outcome. In contrast, our results for the hippocampus are in
line with the assumption that contingency learning and SCRs are
connected and modulated by the hippocampal formation (Weike
et al., 2007). Further, these results complement earlier research
on cue conditioning, which showed that hippocampal activation
is present only in those participants who  successfully learn to dif-
ferentiate CS+ and CS− (Carter et al., 2006; Tabbert et al., 2011) and
underline the importance of this structure for contingency learning.
Additionally, we replicated earlier ﬁndings of a positive correla-
tion between amygdalar activity and SCRs for the CS+unpaired > CS−
contrast (Indovina et al., 2011).
Despite our consistent ﬁndings, this study should be interpreted
in the light of several limitations. Although we had a large sample
allowing for a gender effect analysis, unlike earlier reports (Milad
et al., 2006), we  found no signiﬁcant differences between female
and male participants. Future studies should carefully investigate
phase of menstrual cycle and contraceptive medication to control
for potential inﬂuences of sex hormones (Merz et al., 2011). Addi-
tionally, we were unable to ﬁnd signiﬁcant medial prefrontal brain
responses during extinction, suggesting either different mecha-
nisms during contextual in contrast to cued fear conditioning or
our methods being not sensitive enough to detect such an activa-
tion (since habituation of ACC activations in response to repeated
presentations of emotionally relevant stimuli have been reported
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Phan et al., 2003)). For the question, if contextual fear condition-
ng involves different brain regions than cued fear conditioning,
e are not aware of any published article addressing this issue so
ar. In comparison to cued fear conditioning studies (Sehlmeyer
t al., 2009) our contextual data suggest that the basic neural cir-
uitry for both forms of conditioning may  be similar but that the
ippocampal formation is more important for contextual condi-
ioning. Future studies directly comparing cued and contextual fear
onditioning might clarify this important question. Further, recent
vidence suggests that conditioning paradigms using immediate
xtinction protocols lead to diminished activations in PFC regions,
hich are supposed to mediate extinction (Chang et al., 2010; Herry
t al., 2010; Kim et al., 2010). Given the importance of extinction
rocesses for the treatment of e.g. anxiety disorders and the lack of
esearch on this topic, this issue strongly requires future research.
The identiﬁcation of regions involved in fear conditioning in
umans constitutes a ﬁrst important step in understanding the
rain mechanisms involved in fear learning. The interaction of dif-
erent brain areas on a neuropharmacological level needs to be
onsidered as well. Research in rodents has consistently implicated
he cholinergic system in cued as well as contextual fear condi-
ioning (e.g. Vago and Kesner, 2007) with cholinergic nuclei of the
asal forebrain playing a crucial role in the shaping of fear behavior
Gozzi et al., 2010). Future studies addressing the neuropharmaco-
ogical mechanisms of fear conditioning in humans are therefore
eeded.
. Conclusions
The present results from a large sample of healthy volunteers
emonstrated robust contextual fear conditioning in the SCRs and
elf-reports. The fMRI data suggest a role for the ventral striatum
uring contextual fear conditioning, i.e. not only during reward, but
uring the processing of salient stimuli in general. Additionally,
e were able to show robust amygdala activation that supports
he involvement of this structure during contextual learning as
ell. Furthermore, brain responses in other fear related structures
uch as the hippocampus, insula and PFC could be observed. While
e found no signiﬁcant correlation between verbal self-reports
nd brain responses or SCRs, we did observe positive correlations
etween differential hippocampal activity and SCRs during late
cquisition.
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